First-principles calculations show that the electronic structure of graphene on SiO 2 strongly depends on the surface polarity and interface geometry. Surface dangling bonds mediate the coupling to graphene and can induce hole or electron doping via charge transfer even in the absence of extrinsic impurities in substrate. In an interface geometry where graphene is weakly bonded to an O-polar surface, graphene is p doped, whereas n doping takes place on a Si-polar surface with active dangling bonds. We suggest that electron and hole doping domains observed on SiO 2 are related to different surface polarities.
I. INTRODUCTION
Graphene, a monolayer of carbon atoms packed in a honeycomb lattice, has a unique electronic structure with a zero gap and quasiparticles behaving like massless Dirac fermions.
1,2 The low-energy band structure of graphene near two inequivalent Brillouin-zone corners is characterized as cones with the linear dispersion. It has been demonstrated that graphene is a promising material for future nanoscale devices. 3, 4 For applications to electrical and optical devices, it is important to control the band gap, carrier type, and concentration.
Graphene can be doped by using electrical gates, substrates, and chemical species such as atoms and molecules. [2] [3] [4] [5] [6] [7] Experiments have reported that graphene grown on a SiC surface interacts with the substrate, being n doped and exhibiting a gap of about 0.26 eV. 8 It has been shown theoretically that the first carbon layer on SiC acts as a buffer layer, and that the graphene nature of the film is recovered by the second carbon layer. 9, 10 For graphene supported on SiO 2 , scanning probe microscopy images showed that structural corrugations partially conform to the underlying morphology of the substrate. 11 The observation of electron and hole doping domains suggests that the carrier density in graphene varies with the spatial distribution of disorders or charged impurities. [12] [13] [14] Despite the expectation that graphene is coupled to SiO 2 , it is not fully understood how SiO 2 surfaces interact with graphene and modify the electronic properties of graphene layers.
In this work, first-principles theoretical calculations are performed to investigate the electronic structure of single and bilayer graphene on Si-and O-terminated SiO 2 ͑0001͒ surfaces. For a single layer of graphene, we show that p and n doping effects can be solely induced via charge transfer on O-and Si-polar surfaces with active dangling bonds, respectively, without extrinsic impurities that are widely thought as doping sources. In bilayer systems, the characteristics of the first carbon layer vary with the surface polarity and interface geometry, while the second layer is mostly affected by the type of induced doping. Our calculations provide a clue for understanding the electron-hole puddles and different doping domains observed in graphene on SiO 2 .
II. CALCULATION METHOD
The first-principles calculations were performed using the local-density-functional approximation ͑LDA͒ 15, 16 for the exchange-correlation potential and ultrasoft pseudopotentials, 17 as implemented in the VASP code. 18 The wave functions were expanded in plane waves up to a cutoff of 396 eV. Using slab geometry, graphene layers were placed on a ␣-quartz SiO 2 ͑0001͒ surface with Si-or O-polarity, and the back side of the slab was passivated by hydrogen. The supercell consisted of single or double graphene layers, 14 bilayers of SiO 2 , and a vacuum region of 20 Å. Due to the small lattice mismatch between the graphene and ␣-quartz SiO 2 , which have the lattice constants of 2.46 and 4.91 Å, respectively, a lateral 2 ϫ 2 cell can lead to the periodically repeated geometry. The Brillouin-zone integration was performed using a set of k points generated by the 6 ϫ 6 ϫ 1 Monkhorst-Pack mesh, and the ionic coordinates were fully relaxed until the residual forces were less than 0.03 eV/ Å.
III. RESULTS AND DISCUSSION
On the Si-terminated surface, a single graphene layer has the lowest energy when the hexagon centers are positioned directly above the surface Si atoms ͓Fig. 1͑a͔͒ at a distance of 3.29 Å from the substrate. As this disconnection is much larger than the bond length of 1.87 Å in SiC, interactions between the graphene and substrate atoms are extremely weak and do not form Si-C bonds. The binding energy with respect to free-standing graphene was calculated to be 20 meV per C atom. In a different interface geometry, where the graphene C atoms are located on top of the surface Si atoms, the energy is only higher by approximately 3 meV per C atom. In the 2 ϫ 2 unit cell, there is only one surface Si atom bonded to two substrate O atoms with bond lengths of 1.63 and 1.67 Å, as compared to the bulk value of 1.61 Å in SiO 2 . Due to two dangling bonds per surface Si atom, the Si-terminated surface is chemically inactive and thus does not affect the structural and electronic properties of graphene.
On the other hand, on the O-terminated surface, the 2 ϫ 2 cell contains two surface O atoms with Si-O bond lengths of 1.61 Å. As each O atom has one dangling bond, the O-terminated surface is chemically reactive and strongly interacts with the graphene layer. In the lowest-energy configuration ͓Fig. 1͑b͔͒, the C atoms placed on top of the surface O atoms relax toward the substrate and form strong C-O bonds with a bond length of 1.45 Å. These C-O bonds severely distort the planar structure of the graphene layer. The binding energy substantially increases to 0.78 eV per C atom, a value that is much larger compared to those previously calculated for a graphene layer on a SiC substrate. 10 When the carbon layer laterally shifts by ͑a 1 + a 2 ͒ / 3 on the surface, where a 1 and a 2 are the graphene primitive lattice vectors, a metastable interface can form, where one O atom is located below a graphene C atom and forms a weak C-O bond. The other O, however, which is initially positioned below the hexagon center, relaxes toward a neighboring C atom. Due to the weak coupling to the substrate, graphene nearly maintains the planar geometry at a distance of 2.58 Å from the substrate. The bonding gives an energy gain of 0.13 eV per C atom, which is six times larger than that on the Si-terminated surface. In a stable configuration, a graphene layer with strong C-O bonds will be more rigid against lateral displacement compared to a metastable interface geometry.
The electronic band structures of a single graphene layer on the Si-and O-terminated surfaces are compared in Figs. 2͑a͒ and 2͑c͒. As expected, the linear bands near the Dirac point are maintained on the Si-terminated surface due to the very weak coupling of graphene to the substrate. As no charge transfer occurs between the graphene and substrate, the Fermi level lies at the Dirac point. The localized bands around −2 and 2 eV are related to the bonding and antibonding states of the two surface dangling bonds, respectively, compared to the projected bands ͑shaded areas͒ of SiO 2 . On the other hand, on the O-terminated surface, strong interactions between the C and surface O atoms significantly modify the linear band structure of graphene. In this stable geometry, the degeneracy at the Dirac point is removed with the energy splitting of 2.85 eV. The electronic characteristics of graphene disappear completely, as shown in Fig. 2͑c͒ . In the metastable geometry, the linear bands of graphene are generally maintained ͓Fig. 3͑a͔͒. However, as the surface O atoms interact more strongly with one sublattice site of graphene than with the other sublattice, the graphene sublattice symmetry is broken, resulting in a small gap of 0.13 eV at the Dirac point. When the 4 ϫ 4 cell is used, where the density of the weak C-O bonds is reduced by a factor of 4 by saturating the O dangling bonds by hydrogen, the energy gap is found to be 0.04 eV. This result is consistent with the recent theoretical prediction that the energy splitting at the Dirac point is proportional to the density of disorders. 19 It is interesting to note that charge transfer occurs from graphene to substrate, thus, the Fermi level is lowered, with its position varying with the amount of transferred charges. As a consequence of the charge transfer, the O-terminated surface induces p-type doping in the carbon sheet.
For a single layer of graphene on SiO 2 , recent scanning tunneling microscopy ͑STM͒ studies showed the presence of a strong spatially dependent perturbation, which breaks the hexagonal lattice symmetry. 11 Both hexagonal and triangular lattice patterns were observed in close proximity. We examine the distribution of charge densities near the Dirac point, and find that the hexagonal patterns appear for a single layer of graphene on the inactive Si-polar surface ͓Fig. 4͑a͔͒. As the triangular patterns appear in the metastable interface geometry on the O-polar surface ͓Fig. 4͑b͔͒, these images are attributed to the weak interaction of graphene with the substrate, which breaks the sublattice symmetry and thus induces the gap opening.
When a second carbon layer is placed in the AB stacking of graphite on the Si-terminated surface, the distance between the two graphene layers is 3.27 Å, as compared to the bulk graphite value of 3.35 Å. Due to weak interlayer interactions, the bilayer graphene exhibits parabolic bands around the Fermi level ͓Fig. 2͑b͔͒, which resemble those of pristine bilayer graphene. 20 On the O face, the electronic structure of the second carbon layer in the AB stacking strongly depends on the interface geometry between the first layer and the substrate. In the stable interface configuration ͓Fig. 1͑b͔͒, the second carbon layer is positioned at a distance of 3.47 Å and exhibits the linear band characteristics of free-standing graphene, as shown in Fig. 2͑d͒ . As the active O-terminated surface is almost completely passivated, the first carbon layer acts as a buffer layer, similar to the case of double graphene layers on a C-terminated SiC surface. 9, 10 In fact, the Fermi level lies at the Dirac point, indicating that the substrate effect on the energy spectrum of the second carbon sheet is perfectly shielded.
In the metastable interface structure on the O face, the second carbon layer interacts weakly with the first carbon layer at an interlayer distance of 3.32 Å. However, owing to the substrate-induced hole doping in the first carbon layer, the symmetry between the two layers is broken by the dipole field, which is generated across the interface by accumulated electron charges on the substrate and depleted charges on the first carbon layer. Due to the difference ͑U͒ in the on-site Coulomb potentials of the two layers, 7, 21, 22 the energy band associated with the second carbon layer is lowered by U = 0.79 eV with respect to that of the first carbon layer ͓Fig. 3͑b͔͒. Thus, the Fermi level lies at 0.73 eV below the middle of the energy gap. For the four graphene states labeled a, b, c, and d at the K point in the Brillouin zone, the electron charges of the two higher levels ͑a and b͒ are mainly distributed on the carbon sheet next to the interface while the lower levels ͑c and d͒ are related to the second carbon sheet. Except for the position of the Fermi level, the electronic structure of the bilayer graphene on the O face is very similar to that for a K-doped bilayer of graphene on a SiC substrate. 7 The energy gap of 0.28 eV results from the interlayer bonding which is induced by the symmetry-breaking field compared to the single layer case in which the energy gap opens only through the breaking of the sublattice symmetry.
For a single graphene layer, surface dangling bonds play an important role in the coupling of graphene to substrate. Although the Si face is chemically inactive, it can become an active surface if one of the two dangling bonds at each surface Si atom is passivated by hydrogen. In the optimized geometry ͓Fig. 5͑a͔͒, the graphene C atoms are slightly displaced toward the substrate to form strong Si-C bonds with a bond length of 2.01 Å. The binding energy is enhanced by 0.18 eV per C atom, as compared to the Si face without hydrogenation. Interestingly, it was found that the graphene on the partially hydrogenated Si face is n doped, with the Fermi level positioned in the graphene conduction band ͓Fig. 5͑b͔͒, in contrast to that on the O face. Here, partially hydrogenated Si face is similar to the Si-terminated SiC surface, which has one dangling bond per surface Si atom and induces electron doping. 9, 10 An analysis of the charge densities shows that electron charges are mostly depleted from the surface Si layer. As the hydrogenated surface Si atoms are only covalently bonded to one sublattice atom of graphene, the breaking of the sublattice symmetry is significant, resulting in an energy splitting of 1.2 eV at the Dirac point. As discussed earlier, this large gap results from the high density of the Si-C bonds, 19 i.e., one Si-C bond per 2 ϫ 2 cell, and from the strong interactions between the graphene C and surface Si atoms. Using the 4 ϫ 4 cell containing one Si-C bond, we note that the energy gap decreases to 0.5 eV. If the density of active dangling bonds lies in the dilute limit by reducing the hydrogenation level, the energy gap will be reduced considerably. 23 In this case, the electron-doping effect is expected to remain due to the charge transfer from the Si dangling bonds to the graphene. For a second carbon layer placed in the AB stacking, an energy gap of 0.50 eV was observed, which results from the electron doping effect.
Recently, electron-hole puddles or doping domains were observed in graphene on SiO 2 surfaces and were attributed to charged impurities or disorders. [12] [13] [14] Our calculations indicate that hole and electron doping domains can be formed by the active dangling bonds of the surface O and Si atoms, respectively, even in the absence of charged impurities in the substrate. Thus, the observation of electron-hole puddles 12 may be related to different surface polarities on corrugated SiO 2 substrates. In two-dimensional graphene, intrinsic ripples and corrugation appear spontaneously owing to thermal fluctuation and supported substrate, as observed by experiments. 24, 25 Here we point out that only buckling and oscillation in graphene do not give rise to the doping effect. In theoretical calculations, 26 where interactions between graphene and substrate were not included, ripples only modify the low-energy electronic structure of graphene, without altering the charge neutrality point.
Finally, we address that our calculations are in the regime of strong interactions of graphene with idealized crystalline SiO 2 surfaces. In real experiments, graphene layers are usually deposited on the amorphous surface of SiO 2 , which loses periodicity and polarity. Because of the computational demand, it is difficult to perform first-principles calculations for exfoliated graphene on amorphous SiO 2 substrate at this point. However, we point out that the results provide useful information on the realistic graphene-substrate interaction. It was recently shown that the linear dispersion of single layer graphene is preserved in misoriented multilayer systems despite the presence of interlayer interactions. 27 If graphene is misoriented on a perfect crystalline SiO 2 surface, one may expect that a similar decoupling effect occurs between the graphene and substrate. In fact, in the metastable interface configuration on the O-polar surface, it was shown that a lateral displacement of graphene greatly weakens the graphene-substrate interaction, while the strong C-O bonds are formed when the C atoms are positioned on top of the O atoms. On amorphous SiO 2 substrate, although the Si or O dangling bonds may be locally active, their activities are expected to be suppressed in the whole system due to irregular orientations. In this case, although the graphene-substrate interaction will be weakened, the local p-type doping effect is still expected in the presence of the O dangling bonds.
IV. CONCLUSIONS
In this work, we found that carbon layers behave as freestanding graphene on the Si-terminated surface with inactive dangling bonds. As the O-terminated surface is chemically reactive, the characteristics of the first carbon layer are significantly modified by the formation of the strong C-O bonds, whereas the Dirac fermion nature is recovered with the second carbon layer. In the metastable interface geometry on the O face, the substrate is weakly bonded to the first carbon layer and induces the p-type doping, which is attributed by the charge transfer from the graphene to the oxygen dangling bonds. It was suggested that graphene can be n doped if the Si-terminated surface has active dangling bonds. 
